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of the rupture, and others are stable). To tackle this problem, we classified IA samples into homogeneous subgroups showing similar gene expression patterns by using hierarchical clustering and non-negative matrix factorization. 14 The results suggest that gene expression patterns of RIAs were different according to the age of patients, and macrophage-mediated inflammation is a key biological pathway for IA rupture.
Materials and Methods

Patients and Samples
All study participants were Japanese and recruited at Tokyo Metropolitan Fuchu Hospital and Tokyo Women's University. The Ethics Committee of Tokyo Metropolitan Fuchu Hospital, Tokyo Women's University, and National Institute of Genetics approved the study protocols. All participants provided written informed consent.
Aneurysmal domes from 8 RIAs and 5 UIAs were harvested after surgical clipping. All the IAs were saccular. In case of RIAs, all resections were done within 24 hours after initial subarachnoid hemorrhage. As a control, 10 superficial temporal arteries (STAs) were obtained during standard neurosurgical procedures such as STA-middle cerebral artery bypass procedures. All the specimens were snap-frozen in liquid nitrogen and stored at −80°C. Baseline characteristics of the samples are shown in Table 1 .
Microarray Experiments and Data Normalization
Total RNA was extracted with the TRIzol reagent (Invitrogen, Carlsbad, CA). Quantity and quality of the extracted RNA were evaluated with the RNA 6000 Nano LabChip on the Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). Five hundred nanograms of total RNA was amplified and labeled with the Agilent Quick Amp Labeling Kit according to the manufacturer's instructions. Cyanine 3-CTP-labeled cRNA sample (1.65 μg) was used for 17-hour hybridization at 65°C to the One-color Agilent 60-mer Whole Human Genome Array Kit (Agilent Technologies), containing >40 000 unique genes and transcripts. The hybridized microarrays were washed and then scanned with the Agilent DNA microarray scanner (model G2505A). Signal intensity was quantified from the scanned image by using Feature Extraction Software version 9.1 (Agilent Technologies).
The signal intensities were corrected for the background intensities with the normexp method, followed by the quantile normalization across arrays with the limma software. 15 To filter out noninformative probes, we removed positive and negative control probes and probes whose overall variances of intensity values were less than the median of the variances. 16 The microarray data reported in this article have been deposited in the Gene Expression Omnibus (GEO) database (http://www.ncbi. nlm.nih.gov/geo; accession No. GSE54083).
Validation of Microarray Analysis
We have validated the reliability of our microarray experiment by examining expression levels of 50 genes by quantitative reverse transcription polymerase chain reaction in the previous study. 17 As a result, we demonstrated that gene expression levels measured by quantitative reverse transcription polymerase chain reaction were highly correlated with the results of microarray analysis, in which the average of squared correlation coefficients between the 2 methods was 0.73 (range, 0.40-0.90).
Furthermore, we performed RNA sequencing analysis for 5 samples (3 RIAs, 1 UIA, and 1 STA). Details on the RNA sequencing ; Figure I in the online-only Data Supplement). The gene expression levels measured by the microarray were replicated by new technology, supporting the reliability of our microarray experiment.
Clustering of IA Samples
To elucidate heterogeneity among IA samples, we applied 2 types of clustering methods; we performed an unsupervised hierarchical clustering by using the complete-linkage algorithm with the Euclidean distance matrix via the heatmap.2 software. We additionally implemented the non-negative matrix factorization by using the bioNMF software. 18 For the clustering analyses, we used expression profiles of 13 118 probes showing nominally significant differential expressions among 3 groups (P<0.05) with the limma software.
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Discovery of Differentially Expressed Genes
Differentially expressed genes between a pair of subgroups of IA samples identified by the above-mentioned clustering algorithms were examined by t test with the limma software. 19 The q value was used to control false discovery for multiple hypothesis testing. 20 We set q<0.05 as a significance threshold. The functional annotation for the identified genes was performed by using DAVID.
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Results Figure 1 shows result of the hierarchical clustering for 8 RIAs, 5 UIAs, and 10 STAs. The clustering analysis identified 4 groups: STAs and UIAs were aggregated into their own clusters, whereas RIAs segregated into 2 distinct subgroups. The non-negative matrix factorization corroborated the same clustering pattern (data not shown). We examined differences in clinical characteristics between these 2 RIA subgroups and then found that the average ages of patients were significantly different between these 2 subgroups (P=6.9×10 −3 ; Welch t test). The averages (and the SDs) of age for these 2 subgroups were 46.6 (16.2) and 80.7 (7.0). We hereinafter called these 2 subgroups as early and late RIAs, respectively.
We focused on early RIAs, presumably most progressive IA subtype, and compared their gene expression profiles with those of UIAs to detect molecular signatures of rupture-prone IAs. The numbers of probes (and genes) that were upregulated and downregulated in early RIAs were 567 (430) and 738 (617), respectively, at q<0.05 (Tables I and II in the onlineonly Data Supplement).
Result of the gene ontology analysis for the upregulated genes in early RIAs is shown in Table 2 . In accordance with the previous reports, [11] [12] [13] genes involved in inflammatory and immune responses, chemotaxis, and cytokine-cytokine receptor interaction are over-represented. The over-representation of genes related to phagocytosis is notable. We identified several genes that seem to be implicated in the pathogenesis of RIAs (Figure 2A ). CD163, a macrophage marker, was significantly upregulated (P=2.2×10 −4 ), indicating that the infiltration of CD163-positive macrophages into aneurysm walls plays important roles in the rupture of IAs. We identified increased expression of myeloperoxidase (MPO) (P=5.1×10 −3 ), which encodes a heme protein released by leukocytes and is a marker of oxidative stress. We identified increased expressions of S100/calgranulin genes such as S100A8, S100A9, and S100A12 (P=6.5×10 −5 , 7.5×10 −4 , and 7.6×10 −5 , respectively), which encode Ca2+-binding proteins and are involved in vascular remodeling, inflammation, and atherosclerosis. 22 The genes downregulated in early RIAs provide an indication of mechanical weakness of aneurysm walls (Table 3) . A substantial number of genes encoding cell adhesion molecules (cadherin, vascular cell adhesion molecule, integrin, fibronectin, collagen, tenascin, thrombospondin, tetraspanin, semaphorin, claudin, and junctional adhesion molecule) and cytoskeletal proteins serving as structural component of mural cells (dystrophin, myozenin, spectrin, dystonin, myosin, and synaptopodin) were downregulated (Table II in ; Figure 2B ), which encodes inhibitor of cellular proliferation and is located on chromosome 9p21.
Discussion
Several lines of evidence show that the age of patients is an important factor affecting the rupture of IAs. A followup study of UIAs showed that younger age was associated with the risk of rupture. 23 Morphological statuses of IA walls were different according to the age of patients. 24 To the best of our knowledge, this is the first study showing distinct gene expression patterns between early and late RIAs. We hypothesized that early RIAs were more rupture-prone subtype, in which endogenous molecular signatures progressively led to the rupture of IAs. However, late RIAs were assumed to Compared with UIAs, early RIAs showed increased levels of markers of macrophage infiltration (CD163) and oxidative stress (MPO). This is consistent with the finding that magnitude of the infiltration of macrophages was associated with IA rupture. 24, 25 Oxidative modification of low-density lipoproteins by MPO leads to enhanced uptake of oxidized low-density lipoproteins by macrophages with subsequent formation of lipid-laden foam cells and atherosclerosis, 26 which is a common pathological appearance of IA walls. Furthermore, MPO-derived oxidants such as hypochlorous acids induce proteolytic degeneration of extracellular matrix, 27 which may lead to a decrease in wall strength. S100/calgranulins (S100A8, S100A9, and S100A12) recruit neutrophils and monocytes/macrophages in the inflamed tissues and promote vascular damages.
28 S100/calgranulins have been shown to enhance inflammatory responses in macrophages through the activation of receptor for advanced glycation end products 29 and Toll-like receptors (TLR), especially TLR4 30 and TLR2. 31 We identified significant increased expression of TLR6 in early RIAs (Figure 3 ), which mainly acts by forming heterodimers with TLR2, implying that this 31, 32 suggest that increased expressions of S100/calgranulins are associated with severe and progressive subphenotypes of vascular diseases including IA.
Among KLF family, KLF2, KLF12, and KLF15 were downregulated in early RIAs. Klf2-deficient mice died during the embryonic stage from hemorrhage at the site of aneurysmal dilation of arteries. 33 It has been reported that KLF2 has an anti-inflammatory function by inhibiting proinflammatory cytokines (interleukin-6 and interleukin-8). 34 Additionally, KLF2 represses monocyte/macrophage inflammatory activation as demonstrated by the fact that macrophages of Klf2 heterozygous knockout mice represent enhanced uptake of oxidized low-density lipoproteins, 35 and KLF2 inhibits HIF-1α that is essential for macrophage activation. 36 Notably, we identified downregulation of KLF2 in concert with upregulations of IL6R, IL8RB, and HIF1A in early RIAs (Figure 3) . Motivated by the fact of decreased expressions of KLF15 in human failing hearts and aortic aneurysms, researchers demonstrated that Klf15-deficient mice with infusion of angiotensin II mimicked the human diseases. 37 These suggest that KLFs are key regulators of inflammatory statuses of IA walls.
Chromosome 9p21 is a shared susceptibility locus to several arterial diseases. 38 Downregulations of CDKN2A/2B have been reported in association with the 9p21 risk allele through a noncoding RNA overlying the locus, ANRIL (or CDKN2B-AS1). 39 Target deletion of the mice genome orthologous to the human 9p21 risk locus exhibited decreased expressions of Cdkn2a/2b and abnormal proliferation of vascular smooth muscle cells, which is a common pathological appearance of the arterial diseases. 40 The same region was associated with atherosclerosis and decreased expression of Cdkn2a in 0.047
RIA indicates ruptured intracranial aneurysm; and UIA, unruptured intracranial aneurysm. *To reduce redundant descriptions of annotation categories, if all of the downregulated genes involved in a category were included in the single category showing more significant P value, we did not list the corresponding category.
†P value after the Benjamini-Hochberg correction. The annotation categories showing corrected P value <0.05 are to be considered as over-represented. mice, and decreased expression of Cdkn2a led to inflammatory monocyte/macrophage proliferation in the circulation. 41 We also identified increased expressions of several histone genes (Figure 3 ), which reflected the over-representation of genes related to nucleosome in the upregulated genes (Table 2) , indicating increased cell proliferation in RIAs. In the previous study, we showed the association of the 9p21 risk allele was somewhat stronger for RIAs than for UIAs. 42 Combined with the result of this study, it is implied that decreased expression of CDKN2A in vascular smooth muscle cells and monocytes/ macrophages by the 9p21 risk allele is predisposing to the rupture of IAs.
These results suggest that macrophage-mediated inflammation and mechanical weakness of aneurysm walls are key biological pathways predisposing to the rupture of IAs. Although inflammation is one of the healing processes to vascular injuries, excessive inflammation may disrupt the balance between repair and maintenance and wall degradation and may result in the rupture of IAs.
Several limitations of our study should be noted. The number of IA samples was limited because of difficulty in collecting IA walls from clipping surgery. Also, difficulties in RNA preparations from limited amounts of walls were noted. Because endovascular coiling is becoming the first choice for treating IA, the situation is getting worse. Under such circumstances, meta-analysis of existing gene expression microarray data sets is useful to increase statistical power. We cannot exclude the possibility that the observed signatures of inflammation was a response to rupture although resections of RIAs had been performed within 24 hours after initial subarachnoid hemorrhage and expression levels of most of the focused genes were outstanding in early RIAs compared with UIAs and late RIAs (Figures 2 and 3) . Furthermore, immunohistochemical analyses of IA walls are required to confirm expression and localization of proteins encoded by the identified genes.
In conclusion, we demonstrate that gene expression patterns of RIAs were different according to the age of patients. The results may provide useful information on biological mechanisms predisposing to the rupture of IAs. Notably, plasma levels of S100A8/A9 and MPO show promises for biomarkers of cardiovascular events. 43, 44 Researchers revealed that upregulation of KLF2 through the administration of statins led to anti-inflammatory effects, 45 and statin treatment reduced the progression of IAs in association with reduced macrophage infiltration in animal models. 46 Therefore, some of these identified genes can be good candidates for molecular markers of rupture-prone IAs and for therapeutic targets to prevent IA rupture. We performed following quality control filters for the raw reads data set. The reads containing the Illumina adapter sequences were trimmed by using Trimmomatic version 0.32. 1 The reads with any ambiguous base calls and whose average base quality scores were less than 25 were excluded. We trimmed off a run of at least five As or Ts in the end of fragment to improve the mapping efficiency of reads with poly-A tails. The tails with base quality score < 20 were trimmed. Finally, the reads whose lengths were less than 32 were removed. These procedures were done by in-house Perl scripts.
Supplemental Methods
RNA-sequencing
The alignment of the reads to human reference genome (hg19) was performed by using STAR version 2.3.0 based on the known splice junctions with the RefSeqGene annotations (i.e., annotation-guided alignment). 2 The assembly of the mapped reads to transcripts in the RefSeqGene was implemented with Cufflinks version 2.2.0. 
